This study characterizes the factors responsible for the cholesterol reduction by Lactobacillus acidophilus ATCC 43121. In addition, two-dimensional gel electrophoresis (2-DE) and protein profiling was also used to study the response of ATCC 43121 at the proteome level in the presence of cholesterol. The results show that the cell-free supernatant (CFS) produced by ATCC 43121 in the presence of bile salts could also reduce the cholesterol in the broth, whereas all previous reports have suggested a mechanism by live cells. The active fraction was partially purified by 60% ammonium sulfate precipitation, and subsequent Sephacryl S-100 column chromatography. The molecular weight of the component with cholesterol-reducing activity was estimated to be approximately 12 kDa by SDS-PAGE. These results suggest that the novel protein isolated from CFS may be an important factor in the mechanism for cholesterol reduction by ATCC 43121. In addition, the proteins expressed by ATCC 43121 in the presence of cholesterol micelles were detected by 2-DE, five protein spots with at least a 2.5-fold increase in amounts being identified. The responsible proteins may be involved in the stress-response, translation, and metabolic processes. These results may suggest a new possibility for the mechanism underlying cholesterol reduction by lactic acid bacteria (LAB), differing from the conclusions of previous reports.
Lactic acid bacteria (LAB) such as Lactobacillus acidophilus are important microorganisms in the intestines of healthy humans.
2) LAB are considered to be beneficial microorganisms, and have been associated with several probiotic effects in both humans and animals. 3) Since the early studies of Mann and Spoerry, 4) ever increasing interest has been focused on the hypocholesterolemic effects exerted by LAB. A number of studies have been conducted with experimental animals, as well as with human subjects, in order to characterize the effects on serum cholesterol of a variety of dairy products fermented by LAB. 5, 6) Based on these studies, several mechanisms have been proposed to explain the cholesterol-reducing activities associated with LAB. Some strains of Lactobacillus acidophilus secrete bile salt hydrolase (BSH) which hydrolyzes conjugated bile salts and generates free bile salts and corresponding amino acids. 7) Free bile salts are less soluble than conjugated bile salts, resulting in decreased absorption from within the intestinal lumen. Thus, more cholesterol is required for the synthesis of new bile acids, which may in turn reduce the total levels of cholesterol in the body. 8) Another mechanism for cholesterol reduction has been proposed by Gilliland et al. 9) and Noh et al., 10) who suggested that LAB may incorporate cholesterol from the medium into cellular membranes during growth, thus having beneficial effects on serum cholesterol levels. 9, 11) Cholesterol incorporated into or attached to LAB cells in the intestine cannot be absorbed into the blood. 12) In addition, LAB may stimulate the secretion of bile acids into the gastro-intestinal (GI) tract. Free bile acids may bind to the surface of LAB, resulting in an overall reduction in cholesterol in the blood vessels. Liong and Shah 8) have suggested that free bile acids adhere to bacteria or dietary fiber in the GI tract which enhances the excretion of bile acids. This action may also trigger a feedback mechanism regulating hepatic cholesterol synthesis and subsequent transformation into bile acids, thus reducing the serum cholesterol concentration. This demonstrates that the relationship between bile salts and cholesterol is important for cholesterol removal. Numerous studies have reported LAB-associated choy To whom correspondence should be addressed. Tel: +82-2-3290-3055; Fax: +82-2-3290-3506; E-mail: saehkim@korea.ac.kr lesterol reduction in laboratory media containing bile and cholesterol sources. 11, 13) However, the precise mechanisms underlying LAB-associated cholesterol reduction have yet to be determined.
Proteomic techniques have been extensively used in the characterization of bacterial responses to a variety of stimuli and stresses, especially with regard to the expression of functional proteins. In recent years, LAB have also become the focus of a host of proteomic studies. [14] [15] [16] The primary objective of the present study is to characterize the novel cholesterol-reducing factors produced by L. acidophilus ATCC 43121 by using in vitro techniques. The specific proteins expressed by L. acidophilus ATCC 43121 were also investigated in the presence of cholesterol by using a proteomic analysis.
Materials and Methods
Bacterial strains and cultivation. Lactobacillus acidophilus ATCC 43121 and L. plantarum KU071 were obtained from the Dairy Food Microbiology Laboratory at Korea University (Seoul, Korea). The Lactobacillus strains were cultured in Man Rogosa Sharpe (MRS) broth (Difco, Detroit, MI, USA) at 37 C for 18 h prior to use. Stock cultures were maintained at À80 C, using 20% glycerol as a cryoprotectant.
Acid and bile tolerance. The Acid (pH 2.5) and bile (0.3% oxgall) tolerance of the lactobacilli were assessed by the methods of Oh and coworkers. 17) Reduction of cholesterol by lactobacilli. An MRS-THIO broth was prepared daily by the supplementing MRS with 0.2% sodium thioglycolate (Sigma Chemical Co., St. Louis, MO, USA). This broth was further supplemented, when necessary, with 0.2% taurocholic acid (Sigma Chemical Co.). Preparation of the cholesterol-phosphatidylcholine micelles and the cholesterol reduction assay were performed by the procedures of Razin et al. 18) and Noh et al., 10) respectively. The total amount of cholesterol in the spent broth was determined by the method reported by Rudel and Morris 19) with a small modification. An un-inoculated sterile broth was also analyzed as a negative control. The same procedure was used for constructing the standard curve, except that the amounts of purified cholesterol (99% standard for chromatography; Sigma Chemical Co.) assayed in place of the samples ranged 0 to 100 mg/ml. Finally, the percentage cholesterol reduction was calculated as follows: cholesterol reduction (%) = (100 À [cholesterol content of the experimental broth)/cholesterol content of the un-inoculated broth]) Â 100.
Reduction of cholesterol by the cell-free supernatants produced from lactobacilli. A cell-free supernatant (CFS) was prepared by growing the Lactobacillus broth for 24 h at 37 C and then centrifuging (14;000 Â g, 10 min). CFS was then sterilized by using a 0.45-mm filter (Sartorious, Goettingen, Germany) and stored at À80 C until needed. To investigate the cholesterol reduction activity by CFS at various concentrations, CFS was diluted with fresh MRS broth (CFS of 75%, 50%, and 25% concentrations). The cholesterol micelle and sodium thioglycolate solutions were then added to the prepared CFS at a final concentration of 100 mg/ml and 0.2%, respectively. These preparations were then incubated for 18 h at 37 C, the same culture conditions as those used in the in live cell cholesterol-reducing assay. The cholesterol reduction ability of CFS was then determined by using the method already described. In some experiments, the cholesterol reduction activity was normalized to 100% by the treatment with the CFS control.
Activity of bile salt hydrolase (BSH). The BSH activity was determined by the method of Walker and Gilliland.
20 ) The concentration of free cholic acid (1-5 mmol/ml) in the supernatant was calculated from a standard curve. The results are expressed as micromoles of cholic acid per milliliter.
Physical and chemical characteristics of cell free supernatant (CFS). In order to determine the heat and pH stability of CFS, the spent broth was exposed to various temperatures (60, 70, 80, 90 and 121 C for 15 min) and pH values (6.0 to 10.0). In a separate experiment, trichloroacetic acid (TCA) and sodium dodecyl sulfate (SDS) were added (12% and 0.5%, final concentration, respectively) to CFS. Untreated CFS suspended in sterile distilled water was used as a control. CFS was also treated with -glucosidase, lipase, and various proteases (5 mg/ml of proteinase K, trypsin, and pepsin) for 30 min at 37 C. All enzymes were purchased from Sigma Chemical Co.
In order to characterize the fractionation activity, polysaccharides were extracted by using cold ethanol as described previously.
5) The lipids were routinely extracted by using ethyl acetate. 21) To extract the proteins from CFS, ammonium sulfate (AS) was added to a level of 60% (w/v). The cholesterol reduction activity of the components extracted by ethanol, ethyl acetate, and AS was determined by using procedures identical to those just described.
Purification of the cholesterol-reducing activity. After CFS had been supplemented with ammonium sulfate to reach 60% saturation, the precipitate was collected by centrifugation at 6;000 Â g for 20 min at 4 C, and the resulting pellet was re-suspended in a 50 mM acetate buffer (pH 4.0). The precipitate samples with cholesterol reducing activity were subjected to Sephacryl S-100 HR gel filtration (2 Â 70 cm) linked to liquid chromatography for rapid protein purification (Biologic system, Bio-Rad, Hercules, CA, USA). Prior to applying a sample, the column was equilibrated with three volumes of a 50 mM acetate buffer (pH 4.0). Proteins were eluted from the column with the same buffer at a constant flow rate of 0.4 ml/min. The eluate was collected in 6-ml tubes, and the absorbance was measured at a wavelength of 215 nm. The active peak fractions with high absorbance at 215 nm were collected and evaluated for their cholesterol-reducing activity.
To determine the molecular weight of the peak fraction with cholesterol-reducing activity, it was lyophilized and electrophoresed on 12.5% SDS-polyacrylamide gel (Mini-PROTEAN 3 Cell, Bio-Rad, Hercules, CA, USA). The gel was stained with a silver staining kit in accordance with the manufacturer's instructions (Bio-Rad).
Two-dimensional gel electrophoresis. Sample preparation. L. acidophilus ATCC 43121 cells were grown at 37 C in 100 ml of the MRS-THIO medium containing 0.2% taurocholic acid with or without cholesterol micelles (100 mg/ml) with reaching OD 595 ¼ 1:0. The total proteins were extracted twice in phenol, as described previously.
22) The protein concentrations were determined by the Bradford method.
23)
The protein samples were stored at À80 C until used in the proteome analyses.
Two-dimensional gel electrophoresis (2-DE).
In order to run the first dimension, each of the samples was mixed with a rehydration buffer (8 M urea, 2% CHAPS, 50 mM DTT, 10% isopropanol, 5% glycerol, 0.5% ampholytes at pH 3-10, and a trace of bromophenol blue), thereby yielding a final protein content of 500 mg in a total volume of 300 ml. The sample was then rehydrated with ReadyStrip IPG strips (17 cm, pH 3-10 non-linear; Bio-Rad) for 18 h at 20 C under mineral oil. Isoelectric focusing (IEF) was conducted for 60,000 V/h by using a PROTEANÔ IEF cell (Bio-Rad) in accordance with the manufacturer's instructions. After equilibration, the strips were transferred to 12.5% SDSpolyacrylamide gel (20 cm Â 22 cm) for running the second dimension. The protein spots were visualized by blue-silver staining, 22) and analyzed by using PDQuest software (Bio-Rad). Only significant changes in spot intensity (at least 2.5-fold) were considered and selected for a MALDI-TOF/MS analysis.
MALDI TOF/TOF analysis and database search. The Protein spots were enzymatically digested by using porcine trypsin (Promega, USA) according to method described by Oh et al. 24) A protein analysis was conducted by using a 4700 Proteomics analyzer (Applied Biosystems, Foster City, CA, USA). The peptides were evaporated with an N 2 laser, using a delayed extraction approach. They were accelerated by using 20-kV injection pulses for a time-of-flight analysis. Each spectrum was the cumulative average of 2000 laser shots. The MASCOT search program developed by MACOT (http://www.matrixscience.com) was utilized for protein identification by an MS/MS ion search. Spectra were calibrated with Glu-Fibrinopeptide B (+1 1570.67 Da) as the internal standard.
Statistical analysis. All experiments were replicated three times. Statistical significance was assessed by ANOVA and then by Duncan's test with the SAS software package (Ver. 9. 1; SAS Institute, 1990). The level of significant difference was defined at p < 0:05.
Results and Discussion
Cholesterol reduction activity by the growth and CFS of L. acidophilus ATCC 43121
In preliminary experiments, a total of 120 strains of lactic acid bacteria (LAB) were evaluated for their acid/bile tolerance and cholesterol-reducing activity by growth. Among the tested strains, L. acidophilus ATCC 43121 (hereafter referred as ATCC 43121) and L. plantarum KU071 (isolated from swine intestine) were determined to have the highest cholesterol-reducing activities in an MRS-THIO broth containing cholesterol during growth (Fig. 1A) . Those two strains also exhibited high acid and bile tolerance throughout the incubation period (data not shown). Interestingly, CFS of ATCC 43121, in the presence of bile salts and cholesterol, also reduced the cholesterol in the broth, whereas L. plantarum KU071 only reduced the cholesterol in media during its growth (p < 0:05; Fig. 1A ). In addition, CFS of ATCC 43121 had significant cholesterol reduction activity in the broth in a dose-dependent manner (Fig. 1B) . These results indicate, at least in part, that the reduction of cholesterol by ATCC 43121 may be attributed to the activity of certain components in CFS, in addition to cholesterol reduction by the live cells of ATCC 43121 during its growth. 9) There have been few reports regarding cholesterol reduction by the extracellular components generated by LAB. In the case of soy protein, however, several studies have provided evidence that certain components or specific extracts of soy protein were responsible for the cardioprotective effect. 25, 26) In particular, Sugano and Koba 26) have reported that the indigestible fraction of soy protein was responsible for the majority of serum and liver cholesterol reduction.
Influence of BSH activity on the cholesterol reduction Since the deconjugation of bile salts in the intestines by LAB may play an important role in vivo, the bile salt hydrolase (BSH) activity of LAB has been regarded as a factor related to the cholesterol-reducing activity. 20) However, it has been controversial whether the deconjugation by BSH activity in vitro is related to the cholesterol-reducing activity. BSH activity was found in both the media during growth and CFS thereafter. In order to examine the relationship between BSH and the cholesterol-reducing activity, attempts were made to inactivate the BSH activity by an alkaline environment (pH 7.0) and heat treatment (121 C for 15 min). The optimum temperature and pH for BSH of L. acidophilus strains have been reported to be 37 C and pH 5.4, respectively. 7) As shown in Fig. 2 , the BSH activity (grey bars) was almost completely inactivated, whereas the cholesterol-reducing activity (black bars) was maintained at 40-80% of original level (p < 0:05), indicating that the BSH activity may not be principally responsible for the cholesterol-reducing activity of CFS.
Klaver and Van der Meer 27) have suggested that the removal of cholesterol from the culture medium by L. acidophilus strains was attributable to the co-precipitation of cholesterol with the deconjugated bile salts under acidic conditions. However, the results of this study indicated a large portion of the cholesterolreducing activity remaining in pH 7.0-adjusted CFS. This data may explain that CFS-associated cholesterol reduction was not induced by acidic co-precipitation and support a recent report by Liong and Shah, 8) who proposed that the co-precipitation of cholesterol was less than 5% of the total cholesterol utilized.
Therefore, in the present study, one possible mode for the cholesterol-reducing action of CFS produced by ATCC 43121 could be mainly mediated via direct activity, including action for cholesterol degradation or inactivation, rather than by an indirect mechanism such as the deconjugation of bile salts and co-precipitation of cholesterol with the bile salts.
Physical and chemical characteristics of CFS
Attempts were made to determine the properties of the active fraction with cholesterol-reducing ability by extracting and precipitating with ethanol, ethyl acetate and 60% ammonium sulfate (AS). The majority of activity was found in the precipitate by a 60% AS solution, whereas little or no activity was extracted by either ethanol or ethyl acetate, indicating that the active component may have a proteinaceous rather than carbohydrate or lipid nature (p < 0:05; Fig. 3) .
In order to further investigate the nature of the active components, various treatments were given. The cholesterol-reducing activity of CFS was abrogated after a treatment with TCA and SDS at final concentrations of 12% (v/v) and 0.5%, respectively (Fig. 4A) . CFS generated by the ATCC 43121 strain was also found to be relatively stable in the neutral and acidic pH ranges, whereas the activity decreased rapidly at pH over 8.0 (Fig. 4B) . The activity in CFS remained stable during 30 min of treatment with a variety of enzymes, including -glucosidase, lipase, and proteases (proteinase K, trypsin, and pepsin; data not shown). It also remained unaffected by 15 min of heating up to 90 C, and 50% of activity persisted after 15 min of heat treatment at 121 C (data not shown). These results may indicate that the active components of CFS generated by ATCC 43121 were relatively small in size, active in a low pH range, and heat-stable over a fairly wide temperature range. The compounds may also have been either proteins or peptides according to the results of TCA precipitation and SDS denaturation in conjunction with ammonium sulfate precipitation. This heat and pH stability may prove to be useful in applications in which the CFS components are used as food adjuncts in thermally processed or fermented foods.
Purification of the cholesterol-reducing components in CFS
In the present study, CFS with cholesterol-reducing activity was partially purified by precipitation with 60% AS, this being followed by Sephacryl S-100 gel filtration. Among eight protein peaks obtained by using a utilizing 50 mM acetate buffer (pH 4.0) as the eluent, only three (peaks VI, VII and VIII) exhibited cholesterol-reducing activity. Among these, peak VII was associated with the majority of the cholesterolreducing effects. SDS-PAGE of peak VII resulted in several bands, including one major band with an estimated molecular weight of 12 kDa (Fig. 5) .
To our knowledge, this is the first report of the effect of cholesterol reduction by active components isolated from LAB. At present, we are investigating the conditions for optimal production and purification of these active fractions. After this, a further study is currently planned to analyze the structure and functions of the cholesterol-reducing components by using nuclear magnetic resonance (NMR) spectroscopy. Error bars indicate the standard deviation (SD) between independent experiments, and different letter superscripts indicate differences at p < 0:05. The cholesterol reduction activity was normalized to 100% by treatment with the CFS control.
2-DE analysis
No report has previously been published regarding the proteomic approach to an analysis of the response of lactobacilli in association with cholesterol reduction. In order to determine the effect of cholesterol on the protein expression of ATCC 43121, the proteins produced by the strain, which were grown in the absence or presence of cholesterol, were analyzed by the 2-DE technique. A total of 500 protein spots were visualized via CBB G-250 staining (Fig. 6) . Interestingly, seven protein spots showing a 2.5-fold increase or decrease in quantity were detected in the presence of cholesterol micelles as compared to the controls (five and two spots were up-and down-regulated, respectively). The MALDI-TOF/TOF analysis enabled the following spots to be identified: 60-kDa chaperonin (groEL, spot 1), ATP-dependent Clp protease (clpX, spot 2), glutamyltRNA synthetase (gltX, spot 3), and serine hydroxymethyltransferase (glyA, spots 4 and 5) ( Table 1 and Fig. 6 ). These protein spots are principally associated with stress response, translation, and metabolic processes. Unfortunately, down-regulated spots 6 and 7 could not be identified in this study.
The genes involved in the generalized stress response are known to be significantly conserved among eubacteria. 28) They include a large set of proteins which are generally associated with the maturation of newly synthesized proteins, in protein targeting to membranes, in the refolding and degradation of denatured proteins, and in DNA repair. Among these, in particular, the GroEL protein has frequently been linked with responses against several environmental stimuli (stress by NaCl, cold, acid, bile salt, and starvation) in a variety of grampositive bacteria, including the lactobacilli. 14) From its known functions, the GroEL protein has been predicted to be cytoplasmically located, 29) and this is corroborated by the fact that no member of the GroEL family harbors a secretion signal sequence, or other recognizable motifs that might suggest its export. Interestingly, surface-associated Hsp60 has also been detected in L. acidophilus 30) as well as in a variety of pathogens. It is worthy to note that chaperonin 60 harbors a lipid-binding domain which allows it to interact with membranes. 31) In addition, ATP-dependant Clp protease has also been shown to have a function either as a molecular chaperone, or as the regulatory subunit of a proteolytic complex (together with proteolytic component ClpP), which is responsible for the specific degradation of denatured and damaged proteins. 15) Unfortunately, there have been no studies regarding the direct relationship between cholesterol and the stress proteins evaluated in this study. However, it is interesting that GroEL and ClpX had specific functions on the cell membranes.
Spots 3 and 4 (and 5) were identified as a glutamyltRNA synthetase (gltX) and serine hydroxymethyltransferase (glyA), respectively. It is very interesting to note that the glutamyl-tRNA synthetase or any of its components in Bifidobacterium longum NCIMB 8809 were overexpressed in the presence of bile salts. 16 ) Also, in Bacillus subtilis, these genes, including a host of amino acid biosynthetic operons, are controlled by tRNA-mediated antitermination in response to starvation of their cognate amino acids. 32) In the case of GlyA, serine hydroxymethyltransferase participates in de novo purine biosynthesis in LAB. 33) However, no specific functions of these enzymes have been reported with regard to LAB-related cholesterol metabolism. Unfortunately and, as unexpected, only a few protein spots were detected in our study. One possibility for this is that only the more stress associated-proteins would be induced in the stationary phase (nutrient-depleted condition), and not metabolic or regulatory proteins. Therefore, a further study is currently underway to determine the specific cholesterol-associated factors in ATCC 43121 under different culture conditions such as growth phases and to determine the cholesterol contents by transcriptome and proteome analyses.
In conclusion, L. acidophilus ATCC 43121 had previously been demonstrated to reduce the serum cholesterol levels in both in vitro and in vivo trials. 9, 10, 12) In contrast to most previous studies, which suggested the involvement of live cells, the results of this study indicate that CFS produced by ATCC 43121 in a medium containing bile salts and cholesterol was also able to reduce the level of cholesterol. The active component in CFS might comprise a 12-kDa compound with a proteinaceous nature which is stable under a variety of heat and pH conditions. In addition, in the presence of cholesterol, changes in the expression of specific proteins associated with stress responses, translation, and metabolic processes were identified via 2-DE. The results may suggest a new possibility for the mechanism underlying cholesterol reduction by LAB, differing from the conclusions of previous studies, such as those implicating the incorporation of cholesterol into the cellular membrane, or the deconjugation of bile salts during growth. At present, we are evaluating the cholesterol reduction activity of CFS produced from ATCC 43121 by using animal models. Fig. 6 . b Theoretical molecular weight. c The Mascot score was log transformed so that a high score represented a low probability of being random. d Accession no. refers to the SWISS-Prot/TrEMBL databases.
